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Abstract

:

Sri Lanka contains a large number of natural and man-made water bodies, which play an essential role in irrigation and domestic use. The island has recently been identified as a global hotspot of climate change extremes. However, the extent, spatial distribution, and the impact of climate and anthropogenic activities on these water bodies have remained unknown. We investigated the distribution, spatial and temporal changes, and the impacts of climatic and anthropogenic drivers on water dynamics in Dry, Intermediate, and Wet zones of the island. We used Landsat 5 and Landsat 8 images to generate per-pixel seasonal and annual water occurrence frequency maps for the period of 1988–2019. The results of the study demonstrated high inter- and intra-annual variations in water with a rapid increase. Further, results showed strong zonal differences in water dynamics, with most dramatic variations in the Dry zone. Our results revealed that 1607.73 km2 of the land area of the island is covered by water bodies, among this 882.01 km2 (54.86%) is permanent and 725.72 km2 (45.14%) is seasonal water area. Total inland seasonal water increased with a dramatic annual growth rate of 7.06 ± 1.97 km2 compared to that of permanent water (4.47 ± 2.08 km2/year). Sri Lanka has the highest permanent water area during December–February (1045.97 km2), and drops to the lowest in May–September (761.92 km2) when the seasonal water (846.46 km2) is higher than permanent water. The surface water area was positively related to both precipitation and Gross Domestic Product, while negatively related to the temperature. Findings of our study provide important insights into possible spatiotemporal changes in surface water availability in Sri Lanka under certain climate change and anthropogenic activities.
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1. Introduction


The surface water area of Earth is continuously varying with time [1]. These variations are mostly related to climate change processes as well as anthropogenic reasons [2]. Understanding the spatial distribution and inundation variability of surface water is essential for a wide range of applications and requisite for water resource managers, policymakers, and climate change scientists. More precise and frequent temporal information on water area and its dynamics are vital in water scarce regions as fluctuations can cause drought or flooding [3].



Sri Lanka comprises a large number of natural and man-made water bodies. However, vast spatial and temporal variability of water and low storage capacity resulted in competing demands over limited water bodies [4,5,6], despite receiving annual average precipitation from 900 to 5000 mm [7]. Besides, it continuously witnesses the challenges of climate change with frequent and more intense precipitation extremes, regular floods, and droughts [8,9]. Recently, Climate Risk Index list for 2019 ranked the island as the global second [10].



Spatiotemporal distribution and variation of surface water in Sri Lanka are mainly influenced by both climate (i.e., precipitation and temperature) [11,12,13] and anthropogenic activities, including irrigation and domestic water supply [6,14,15]. Recent studies have emphasized the necessity of detailed spatial and temporal information, by documented the heterogeneity in climate change impacts [16,17] and water scarcity [18,19] across Sri Lanka. So far, the spatial distribution of permanent and seasonal water, inter- and intra-annual variability, and impact of drivers have remained unknown in Sri Lanka. Furthermore, the extent and variation of inland surface water of the country are not well quantified. Improved quantification of historical and current surface water trends will help us to understand the impacts of such changes better and also to protect water resource related anthropogenic activities and ecosystem services. Thus, explicit knowledge of such information is essential for future water resource management.



Remote sensing practices in water monitoring has advanced with an increased amount of cost free high resolution data, such as Landsat satellites. Thus, this data is widely used to map surface water bodies for historical and real-time analysis. Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI) sensors onboard Landsat are particularly appropriate for generating time-series information for assessing water resources. Landsat accounts for the world’s most extended space-based land observation since the launch of Landsat 5 in 1984. Landsat scenes are well suitable spatial, spectral, and radiometric potentials to observe water and have been successfully used for mapping and monitoring surface water and its changes at global [1,20] and regional scales [21,22,23,24].



Intensified climate variations can severely affect surface water and cause strong seasonal dynamics in surface water [3]. Several water bodies have experienced both seasonal and interannual variations over the years [20,25,26,27,28]. Previous studies have assessed multidecadal changes of water area either by using one or a few Landsat scenes per year [29] or standalone years [30]. Several other studies have been evaluated using Landsat images either by cumulating annually [31,32] or seasonally [1,3,33]. The selection process of the appropriate time in a year or period of years to represent water is challenging due to the uncertainties in both seasonal and interannual variability of water, the driving factors, and cloud free observation availability. Therefore, it is crucial to utilize all the available imageries. Studies have also used entire data archive based on "per pixel frequency" due to the high variation of water in seasonally or interannually in the recent past [1,20,33,34]. This method is very suitable, particularly for the regions with sparse cloud free data. An accurate evaluation of the entire time-series is needed for actual water dynamics. Therefore, a more comprehensive spatiotemporal dynamic is possible via various space and time scales, such as small terrestrial regions, years, seasons, or months.



This study aimed to fill the aforementioned knowledge gap by evaluating the extent, spatial distribution, inter- and intra-annual variations of inland surface water across Sri Lanka in order to understand the effects of driving factors over it from 1988 to 2019. Surface water time-series maps, annual and the entire period frequency maps were built from all the available TM and OLI imageries at the pixel level. Then, we analyzed the spatial distribution, variations, and multidecadal trends in detail. The relationship between water area variability with precipitation, temperature and agricultural Gross Domestic Product (GDP) was investigated. We demonstrated the seasonal variations of surface water using two major Dry zone reservoirs: Senanayake Samudra (65.85 km2), which is the largest reservoir in Sri Lanka, and Padaviya (20.74 km2).




2. Materials and Methods


2.1. Study Area


Sri Lanka is a tropical island (between 5°55′N and 9°51′N latitude and 79°41′E and 81°53′E longitude) with 65,610 km2 land area. Above two-thirds of the total land area lies in the low flat plain of below 300 m and altitude decreases gradually from the south-central mountains. The island has 103 rivers and a large number of man-made water bodies, which include 309 irrigation reservoirs, and a further about 18,000 minor reservoirs (Figure 1).



The climate of the country is spatially and temporally varied. Thus, the unpredictable rainfall patterns significantly influence the spatiotemporal variation of water availability within the country. It has four climatic rainfall seasons as follows: (1) the north-east monsoon (DJF) season covers the months from December to February, (2) the first inter monsoon season (MA) includes March and April, (3) the south-west monsoon (MJJAS) season is the period from May to September, and (4) the second inter monsoon (ON) season is from October to November [7]. The annual average precipitation varies from 900 mm at the lowlands to over 5000 mm over central highland. The annual average temperature varies from 18 to 27.5 °C over central highland and lowlands, respectively [7].



Based on the spatial variation of annual and seasonal precipitations, soil type and major land use category, Sri Lanka has been broadly divided into three climate zones: Dry, Intermediate, and Wet. The Dry zone experiences severe water shortages during most of the year. For over 2000 years, minor irrigational reservoirs had been constructed to store water that is used for the dry season. At present, about 18,000 minor reservoirs exist in the Dry zone. Still, frequent water scarcity is faced during the dry season due to low storage capacity and unpredictable precipitation variation, where water resources are already stressed [18,19]. Senanayake Samudra reservoir (65.85 km2) is the largest reservoir in Sri Lanka, which is located in the Dry zone in the southeast part of Sri Lanka. This reservoir is located in a wildlife sanctuary with diverse ecosystems [35]. Padaviya reservoir (20.74 km2) is situated in the Northeastern part of the Dry zone. It is one of the ancient and largest open water reservoirs. These two reservoirs are playing crucial roles in the human and ecosystem related services in the Dry zone of the country [15,35].




2.2. Data Used


2.2.1. Landsat Images


We used Landsat 5 TM and Landsat 8 OLI images from December 1987 to November 2019. Level 1 terrain corrected (L1T) TM and OLI products with cloud cover less than 60% were downloaded from the United States Geological Survey. L1T data is radiometrically and geometrically corrected and pre-georeferenced using the WGS84 datum. Employed cloud cover threshold optimally excluded the scenes with extensive cloud cover.



Nine path/row combinations cover Sri Lanka, and a total of 2215 images were processed, including 1261 TM images from 1987 to 2011, and 954 OLI images for the period of 2013–2019. The number of processed TM and OLI images per scene is given in Table 1. The median of images per path/row across the country for the entire study period ranged between 5 and 11, with a mean of nine images.




2.2.2. Meteorological and GDP Data


Climate variables include monthly cumulative precipitation (40 stations) and monthly mean temperature (18 stations) datasets from the meteorological stations distributed across the study area for the entire study period were collected from the Meteorological Department of Sri Lanka [7]. Provincial agriculture sector GDP values were obtained from the Central Bank of Sri Lanka from 1996 to 2018 [36].





2.3. Methods


2.3.1. Image Processing and Water Extraction


Learning vector quantization (LVQ) neural network [37] is a supervised learning artificial neural network algorithm that predicts class label based on a competitive learning of spectral characteristics, shape, textural information, and the spatial dependence between the labels of neighboring pixels of satellite data [38]. We used LVQ models to extract water by the method described in Somasundaram et al. [39]. This model was used to accurately discriminate water pixels from the cloud, shadow, floating vegetation and other non-water, and segment water from the shadow. All visible bands of the Landsat sensor and normalized difference vegetation index (NDVI) were used to train the model in order to discriminate water from the diverse reflectance patterns in this complex study area [39]. We derived two generic LVQ models for each sensor, which consisted of TM water and non-water, and OLI water and non-water. We applied these models to classify each scene into water and non-water.



The digital numbers were converted to Rayleigh corrected reflectance to eliminate the variations among the images due to the image acquisition over different locations and times, and solar irradiance. Bands 1–5, 7 of TM and bands 1–7 of OLI and NDVI were processed and used in these models (Figure 2). The training samples for water and non-water were collected from images acquired at several times across the study area. These samples were selected manually by visual interpretation in order to represent the spectral variation. A total of 5370 water pixels, which includes reservoirs, rivers, and ponds, and 7530 non-water pixels, which includes land, building, vegetation, and cloud were used to train each model. Each model was processed with 0.0001 learning rate, 50 nodes, and 200 epochs using the Neural Network tool in Matlab.




2.3.2. Surface Water Distribution and Inter- and Intra-Annual Variations Analysis


Our LVQ models were able to detect water well from the cloud and very confusable non-water objects, such as terrain shadow, and cloud shadow over vegetation and urban areas. It also efficiently identified the water located under the cloud shadow. The remaining cloud-contaminated pixels were removed by applying a cloud mask threshold to the blue band surface reflectance (0.11 and 0.14 for TM and OLI, respectively).



The resultant water and non-water pixels of all images were then aggregated into frequency maps (Figure 2) at various time scales, using ArcPy scripts in ArcGIS 10.3.



We calculated per-pixel water occurrence frequency (WOF) percentage,


  WOF  ( t )  =  1   N t       ∑  i = 1    N t     W  t , i     × 100  



(1)




where, t is the time lap (period of years or year or season), Wt,i is a binary observation of water: W = 1, 0 when a pixel labelled as water and non-water, Nt is the number of clear observations of a pixel within the time lap.



At first, the cumulative WOF map over the entire study period was calculated. Then, we applied a 3 × 3 spatial majority filter to minimize the salt and pepper noises. Areas with lower WOF (<10%) were considered as non-water. We found that this threshold removed a considerable amount of noise caused by paddy fields and floods. Visual inspection on this map identified the remaining scattered false detections due to paddy fields. Then, these identified non-water bodies were manually removed. Finally, the maximum water extent map of all water features during the entire study period was obtained from the time series cumulative WOF map. The resultant maximum water area map was used as a water mask for every water map.



Then, seasonal and annual time series WOF maps were created from all available water maps to investigate inter- and intra-annual variations. We created an annual time series WOF maps based on seasonal WOF maps. At first, all available water maps were cumulated per season (DJF, MA, MJJAS, ON) per year. Seasons with less than two observations were excluded to remove the impact of uneven temporal coverage on the annual time series. Greater than two seasons with data were then averaged in proportion to month durations, to evaluate annual WOF per year due to the insufficient data coverage during several years. We selected a water year that corresponded with climatic seasons. Thus, a year was defined between December of the previous year and November of that specific year (e.g. Year 2019 was defined as December 2018 to November 2019). Besides, we generated time series of permanent and seasonal water maps to account for interannual variations. Water pixels with WOF ≥ 80% were defined as permanent water, while the others were categorized as seasonal water bodies (80% > WOF ≥ 10%).



Furthermore, the seasonal average, annual average, and annual maximum water areas for the entire study period were calculated. Surface water changing trends were observed through linear regression analysis using RStudio version 1.2.5033. Additionally, intra-annual variations of Senanayake Samudra and Padaviya reservoirs were monitored.




2.3.3. Correlate Water Area Variations and Driving Factors


Previous studies have widely used GDP to assess the overall human-induced effect on water bodies [29,40]. Here, Agricultural GDP index was used as a proxy for direct human influencing factor. Time series trends of precipitation and temperature observations were studied and smoothed by exponential smoothing technique [41] using Matlab. Similarly, water area was smoothed by a moving average method. The seasonal standardized temperature anomalies (STA) [42] were derived as:


  S T  A j  =  1   N j      ∑   i = 1    N j       T  i j   −    T i     σ i     



(2)




where, Tij is the temperature of the jth season of the year at station i, Ti is the mean temperature of the season j at station i over the study period, σi is the standard deviation of the season j at station i over the study period. and Nj is the number of stations with complete records in season j of the year.



Then, correlation analyses were performed to evaluate the contribution of driving factors in water area variation during the last three decades. Linear regression analyses estimated the variability in the surface water and climate and anthropogenic factors.






3. Results


3.1. Accuracy Assessment of Water Extraction


The accuracy of the water extraction was assessed in terms of omission and commission errors for both TM and OLI LVQ models separately. Results were summarized into a confusion matrix (Table 2). Results indicated that overall accuracy of water was high for both TM and OLI data (99.90% and 99.93%, respectively). User’s accuracy was also the same for both data. Producer’s accuracy of TM (99.40%) was higher than that of OLI (98.54%).




3.2. Spatial Patterns of Surface Water Distribution


We used 2215 Landsat TM and OLI images to compute surface water dynamics of Sri Lanka over a time-series of the last 32 years. The cumulated WOF map of 1988–2019 resulted in a maximum water extent of 1607.73 km2 which is about 2.46% of the land area of Sri Lanka (Figure 3). Highest WOF (above 80%) occurred at deepest parts of lakes and reservoirs, major rivers, and other permanent water bodies, which retain water for the entire year. However, shallow edges of these permanent water bodies, small ponds, minor rivers, and other shallow water areas had water during heavy rainy periods. They dried up during dry periods and accounted for a lower WOF (below 40%). A vast amount of small water bodies had very low WOF, particularly in the Dry zone (Figure 3), which means that they only existed during the rainy seasons. The quantity of water area observed during the study period was given over five WOF ranges in Table 3.



Moreover, surface water distributed unevenly across Sri Lanka. About 83.77%, 12.46%, and 3.77% located in Dry, Intermediate, and Wet zones, respectively. In the Dry zone, the area of permanent and seasonal water covered nearly the same extent (53% and 47%, respectively). The high amount of seasonal water strongly indicates that there may be great possibilities for a reduction in water availability during dry periods. In contrast, the Wet zone contained a relatively stable permanent water (71%) with less temporal water, consecutively the Intermediate zone had 63% of permanent water (Table 3). The distribution of WOF over the entire period showed that only about 54.86% of the water pixels in Sri Lanka had a WOF higher than 80%, which categorized as permanent water. Nearly half of the total water bodies (45.14%) had water only for several months in a year during the precipitation period.




3.3. Interannual Variations


Various thresholds on the annual WOF can provide detailed information on inland water changes according to their period of existence (Figure 4). The cumulative water area of Sri Lanka varied from 974.33 to 1499.68 km2 during the entire study period. Overall, the proportions of permanent and seasonal water remained almost the same throughout the study period. Further, nearly a 20% reduction in the permanent water area (WOF > 80%) was observed since 2015. In contrast, seasonal water area with WOF < 40% showed a rapid expansion with that. These conditions indicated a further increment of competing demand and scarcity of water during the last three decades, with a recent escalation.



Significant increasing trends were found in permanent water area at a rate of 4.47 km2 (p-value = 0.04, r = 0.44) per year and seasonal surface water area at an annual rate of 7.06 km2 (p-value = 1.9 × 10−3, r = 0.64) during the entire time-series (1988-2019) (Figure 5a). These might be related to the intensification of heavy precipitation events and intensity [43]. Individual climatic zones showed remarkable divergent trends over the years in the permanent and seasonal water areas (Figure 5b–d). Dry zone seasonal water area had a significant upward trend of 6.70 km2 (p-value = 1.6 × 10−3, r = 0.64) per year over the last three decades. In contrast, permanent water had an increasing trend of 0.22 km2 (p-value = 0.01, r = 0.54) per year in the Wet zone. Notable increasing trends were found in both their permanent and seasonal water area at rates of 1.55 km2 (p-value = 5 × 10−4, r = 0.69) per year and 0.37 km2 (p-value = 0.07, r = 0.40) per year in the Intermediate zone, respectively.




3.4. Intra-Annual Patterns and Variations


WOF over four rainfall climate seasons, DJF, MA, MJJAS, and ON (starting on December, March, May, and October) across the study period showed a massive difference in the spatial patterns of surface water. Dramatic variations founded in the Dry zone seasonality over the study years (Figure 6). Various ranges of WOF among different seasons clearly shows the fluctuations of the water area between seasons. Water availability is higher in these water bodies during the first two seasons. Reduction in water area occurred during MJJAS to ON due to the dry up of shallow water areas.



Overall, Sri Lanka showed apparent seasonality in both permanent (from 1045.97 to 761.92 km2) and seasonal (from 846.46 to 566.14 km2) water areas (Figure 7). It had the highest permanent water area during DJF and followed by MA, while peak seasonal water area in MJJRS, which is 84.54 km2 more than permanent water area.



Disparities in seasons was observed between different climatic zones of the country (Figure 7). The Dry zone entirely drove the changing pattern of the country. The permanent water areas in DJF and MA were visibly more significant than those in other seasons with the minimum at MJJAS. Seasonal water showed complete opposing trends. The Intermediate zone only showed little fluctuations in its water types over seasons. In contrast, the Wet zone had stable water throughout the year with a little peak permanent water area of 48.06 km2 in ON compared to other seasons.



Further, there were some temporal changing patterns among the climatic seasons through the study period over Sri Lanka. Dynamics of permanent and seasonal water area variations between six time phases 1988–1994, 1995–1999, 2000–2004, 2005–2009, 2010–2014, and 2015–2019 shown in Figure 8. The difference in trends and magnitude were found between permanent and seasonal water bodies during MJJAS and ON. Area of permanent water was comparatively lower than that of seasonal water in those two seasons. A gradual rising trend of permanent water was found in DJF and MA over the entire period. Seasonal water had exhibited growth over 2000–2019, notably with a faster rate in MJJAS than others. Generally, seasonal water showed speedy growth in all four seasons during the last five years (2015–2019).



Comparisons of average surface water area were conducted for each climatic zone against seasons with the respective no-data area (Figure 9). We had 93, 84, and 92 time phases of seasons per year for Dry, Wet, and Intermediate zones for 32 years due to the gap between ageing of Landsat 5 and launch of Landsat 8, and non-coverage during certain seasons. During the time phases, ON season of 1997 in Dry zone, MA seasons of 2000 and 2013 in Intermediate zone and ON seasons of 1989, 1995, 1997, 2005, 2010, DJF seasons of 2000 and 2001, MA seasons of 2000 and 2013 in Wet zone reported without any observations. The total area covered during ON seasons of 1989, 1995, 2001, 2010, and 2013, MA seasons of 2001 and 2013, and DJF season of 2001 over the Dry zone, and ON seasons of 1989, 1995, 1997, 2005, 2007, and 2010, and DJF season of 2000, 2001, and 2008 in Intermediate zone were comparatively small and should not be compared with other seasons.



Generally, individual climatic zones exposed different intra-annual trends (Figure 9a). The Dry zone had greater fluctuations in surface water among seasons than other zones. However, all zones had comparatively lower area throughout MJJAS. Overall, statistically significant linear growing tendencies were found over all zones. The trends of water area change revealed an increase of 3.033 ± 0.428 (p-value < 0.001), 0.075 ± 0.027 (p-value = 6 × 10−3), and 0.445 ± 0.063 (p-value < 0.001) km2 per season for Dry, Wet, and Intermediate zones, respectively.




3.5. Correlation Between Water Area Variations and Climate and Anthropogenic Factors


Climate and GDP variables were considerably influencing surface water changes in this study area. Precipitation is the main source for Sri Lankan surface water. As shown in Figure 10, annual cumulative precipitation of the Wet zone decreased during 1988–2000 and 2011–2019, in contrast, a positive trend was observed from 2001 to 2010. Figure 10 shows the time-series of annual average (Dry and Intermediate zones) and maximum (Wet zone) surface water area, and annual cumulative precipitation from 1988 through 2019. Dry (p-value = 4 × 10−4, r = 0.66), Wet (p-value = 0.09, r = 0.35), and Intermediate (p-value = 0.06, r = 0.39) zones showed statistically moderate relationships. Figure 10 shows a clear consistency between water area fluctuations and the variation in precipitation in all zones.



In contrary, the climatological seasonal temperature had a negative impact on the surface water area in all three zones (Figure 11). Dry (p-value = 9 × 10−4, r = −0.37) and Wet (p-value = 8 × 10−4, r = −0.39) zones showed a statistically moderate correlation. However, the Intermediate zone (p-value = 0.07, r = −0.23) expressed a weak statistical relationship. Temperature increment may increase evaporation from water bodies in this region where shallow water bodies are prevalent. Thus, the rise in temperature anomaly may reduce water area. Generally, the water area in all zones showed a strong association with positive peaks of STA, specifically in the MJJAS seasons, corresponding to a sharp decline in the water area and vice-versa. Figure 11 shows several occurrences of this tendency during the study period in the country. However, few exceptions observed during a few seasons. Heavy precipitation during strong El-Nino events caused sharp water area to rise in all zones [44,45]. Besides, high monsoonal rains may increase respective seasonal water extent across all three zones.



Agriculture is the main surface water consuming sector in Sri Lanka. To maintain the data consistency among different zones during the whole study period, we used the agriculture sector GDP data to evaluate the effect of human activities on water [29]. We considered a calendar year in the estimation of annual surface water area for the consistency among data. GDP was statistically very significant and positively related to the water area, despite the time-series from 1996 to 2018 (Figure 12). The Dry zone (p-value = 1 × 10−5, r = 0.80) showed high correlation, followed by Intermediate (p-value = 6 × 10−4, r = 0.73) and Wet (p-value = 0.03, r = 0.51) zones.




3.6. Intra-Annual Variations of Senanayake Samudra and Padaviya Reservoirs in the Dry Zone


Impact of seasonal climates on water area variation is evident in the Dry zone water bodies. Variation in two major reservoirs (Senanayake Samudra and Padaviya) clearly illustrated these influences. Senanayake Samudra reservoir plays essential roles in the Dry zone irrigational agriculture with a command area of 486 km2 (about 7.5% of total irrigational extent), hydropower generation, and feeding other dams [46,47,48]. We found significant variations among seasons with the highest filled up and dried up during DJF and MJJAS seasons, respectively (Figure 13a). During the last three decades, water area varied from 65.85 km2 in MA 2015 to 5.32 km2 in MJJAS 2019, while the highest intra-annual difference by approximately 37.43 km2 in 2004, from DJF to MJJAS. The maximum area was almost consistent during 2004–2016. However, reservoir volume and extent continued to drop since 2016 to the end of 2019 at a drastic annual rate of 9.32 km2 (Figure 13a,b).



Padaviya reservoir plays an essential role in the agricultural activities [15] in the Dry zone. This reservoir area varied from 20.74 (MA 2017) to 3.96 km2 (ON 2014) in the past decades. Water extent continued to decline in MJJAS and ON seasons, and continued drops were found during 1991–1992 and 2017–2018 (Figure 13c) during the study period.





4. Discussion


4.1. Effects of Driving Factors on Surface Water Area Variation


Climate and anthropogenic activities are the main factors contributing to the seasonal variations of the surface water [1,3,33]. Due to the geographical location of Sri Lanka, its spatial and temporal heterogeneity of climatic conditions significantly influence the water availability and surface water dynamics across the country [17]. Dry and Wet zones exhibited positive and negative moderate relationships with precipitation and temperature, respectively. The Intermediate zone showed moderate and weak relationships with precipitation and temperature, respectively. Observed WOF is sensitive to the spatial bias of cloud free observations as Sri Lanka is under high incidents of the cloud. It may not provide an overall summary of the island.



Precipitation and precipitation-induced runoff are the primary sources for the increment of surface water in Sri Lanka. Precipitation has shown vast spatiotemporal variation across the country over the past 32 years (Figure 14a). Generally, precipitation varied considerably without indicating a clear trend (Figure 14c). However, detailed quantification is difficult due to the limited rainfall observational stations around the main water bodies during the study period. Simple linear regressions were used to calculate the precipitation (temperature) change by its tendency rate, P = ay + b, where, a is the slope, b is the intercept, y is the year from 1988 to 2019, and P is the estimated precipitation (temperature). We found that temperature was one of the influencing factors for the surface water area decrease in Sri Lanka. This relationship was likely due to the distribution of the numerous small shallow water features across the island. Overall, faster warming trends in temperature were found in Sri Lanka with regional disparities (Figure 14c). Furthermore, agricultural and human activities also have an impact on water changes. Water demand on agricultural irrigation (mainly for paddy cultivation) is very high in the Dry and Intermediate zones [14,15,19]. Usually, these sectors use water directly or diverting from permanent water bodies, consequently having a more direct influence on their variation. These anthropogenic activities have shown intensification in these zones over recent decades (Figure 12) with increasing water requirement for paddy cultivation [14]. Here, we assessed the effects of these climatic and anthropogenic drivers on surface water change.



A vast amount of small shallow water features are distributed across the Dry zone, which revealed significant patterns in the water. The temperature has shown warming trend in this zone, remarkably in the northwest, southeast, and northcentral regions, during the entire study period (Figure 14b). Higher temperature may increase evaporation and, agricultural and domestic water withdrawals. The moderate inverse correlation between increased STA and water area shows the effect of increased temperature on water area declination. In contrast, precipitation moderately contributes to the fast expansion of the water area. The overall increasing trend of precipitation suggested that there were more probabilities for the transformation from non-water to seasonal or permanent water. As a consequence, both seasonal and permanent water have increased at rapid rates, with the resultant seasonal water bodies of nearly 50%. Recent studies have confirmed that there was significant rising in the frequency and the magnitude of extreme precipitation events across the island [9,10,16] which caused an intensified increment of short-term seasonal water (less than five months) since 2014 (Figure 5b). Climatic seasons are causing great fluctuation of the permanent and seasonal water areas in this zone. During the MJJAS, permanent water has dropped lower than the seasonal water. Further, this variability is clearly illustrated by the temporal variations of Senanayake and Padaviya reservoirs. The Dry zone is the top agricultural producing zone, where major paddy cultivation areas are located. Surface water withdrawals play a primary role in irrigated cultivation, livestock production, and domestic water supply and 96% was mainly utilized for paddy cultivation [14]. Irrigated paddy area increased from 5700 km2 in 1995 to 7980 km2 (76.66% of total paddy area) in 2018 [15,49], while most are situated in this zone. As shown in Figure 12c, the highest correlation found in this zone indicated the strong human influence on water area change and increasing demand for water.



The intermediate zone has shown an overall increasing trend in precipitation (Figure 14a), but with regional disparities. The water area was moderately consistent with the time-series changing patterns of precipitation (Figure 10b). However, the influence of temperature on water change cannot be ignored during warmer periods. Paddy and other intensive agricultural activities have resulted in strong correlations with water during the last three decades.



The Wet zone mostly contains large and deep reservoirs. The total water area in this zone showed insignificant inter- and intra-annual changing patterns during the last decade. Similarly, seasonal water has almost remained constant. This zone has shown a minimal overall decreasing trend in precipitation with regional disparities (Figure 14a). However, the areas with large water bodies in this zone had a positive trend. Overall, precipitation variation was one of the reliable drivers of surface water change. Notable decline in water area was observed with the severely decreased precipitation in the year 2001. Warmer climate with increased temperature imposed a negative effect on water area, which is similar to the Dry zone. Water consumption for irrigational activities is lesser compared to other zones.



Overall, all these results illustrate that climatic factors were moderate drivers of intra- and interannual dynamics of surface water area in Sri Lanka. Due to the influence of some other factors on surface water area change, lower correlations are possible between surface water area and studied climatic variables. Our results revealed that correlation between water area and annual precipitation in all zones decreased during the last decade. Intensified anthropogenic activities in these zones may lead to this situation. The surface water area was subject to a substantial increment due to the construction of several large reservoirs during the last 10 years. For instance, Deduruoya (46 km2 in 2014) and Moragahakanda (47 km2 during 2017–2018,) reservoirs in the Intermediate zone, Upper Kothmale reservoir (6 km2 during 2013–2014) in the Wet zone. and Rambakenoya reservoir (22 km2 during 2011–2013) in the Dry zone contributed to a notable expansion of permanent water in Sri Lanka [50]. Other than this, along with these new irrigation systems and hydropower dams, increased settlements, development of agricultural schemes, and systematic upgrade of agricultural processes, such as Sri Lanka Agriculture Sector Modernization Project, expanded export agriculture, diversification into more commercial crops resulted in extensive consumption of water. The recent steady increment in the agricultural GDP also demonstrated these influences (Figure 12). Other than this, our study revealed an extensive annual cloud cover of 35.23%, 25.58%, and 21.0% in Wet, Intermediate, and Dry zones, respectively. Due to this ample amount of cloud, underestimation of surface water area and its relationship with proximal drivers is also possible. Further, intense land-use changes over the last two decades was noted by a recent study, which may also influence surface water variations [51]. However, quantifying these influences are challenged with the lack of time-series data in regional scales.



Resultant statistically significant increasing trends (low p-values) of surface water areas with low R value, indicate that water variability was not steady enough to fit into a linear model. Therefore, water availability in Sri Lanka was highly varying. These trends are likely to continue in the future assuming the intensified human activities and abrupt climate change [50], with the climate change scenarios predicting wetter conditions for the areas with increasing water availability.




4.2. Limitations and Future Improvements


High incidences of clouds present a major challenge in tropical regions [28]. Cloud coverage is abundant at an annual average of nearly 25%, around Sri Lanka throughout the year and exerts a great restriction on the availability of clear observation area and imageries. Uncertainties are probable in the observed temporal trends due to the spatial and temporal bias of cloud and the low number of imageries. However, with the movement of cloud over time, the temporal behavior of water can be captured by the time-series imageries. However, water is more likely to be underestimated due to the discontinuity caused by recurrent cloud cover during rainy periods. Due to the gaps in the data archive, short term seasonal water may also be undervalued. Landsat data is more appropriate to be used in the MJJAS season when clouds are few and less frequent. Surface water covered by free-floating, floating-leaved, submerged and standing vegetation, and obscured by man-made features were excluded in this study. Furthermore, water bodies, which are less than one pixel in extent, were also not counted in.



The results suggest the need for understanding the multiple temporal dynamics of small seasonal water bodies due to their rapid increment, which are also very likely to be impacted by the frequent events of drought or flood (specifically with the extreme daily precipitation events) due to climate change. The combined usage of Landsat and recently launched satellites, such as Sentinel, with higher temporal and spatial resolutions together with microwave data, can enhance the weekly mapping and monitoring process of dynamic variabilities in future studies. Further study is needed to evaluate how external climate changing factors, such as El-Nino, relate to the surface water availability and spatial variations.




4.3. Water Management Implications


The Dry zone showed comparatively more variations in surface water dynamics, while other zones have relatively stable permanent water throughout the year. However, the total amount of available water (nearly equal amount of permanent and seasonal water) in the Dry zone remains highly unstable among the seasons. Surface water is mainly used for irrigational and anthropogenic activities in this zone [36]. The trends of increasing agricultural economic activities escalate the irrigational water demand. However, the permanent water in this zone reduced sharply by about 30% during MJJAS, which is one of the major rice cultivation seasons in Sri Lanka. This reduction causes regular periodical drought due to the limitations in withdrawal. Loss of reservoir storage capacity due to sedimentation, lack of storage extension, a large number of abandoned water bodies, poor water management and inefficient usage, deficiencies in government policy, population increment, deforestation, have been mentioned as reasons for the water insufficiency in this zone [49,52]. Furthermore, prolonged droughts due to extreme climatic events may also worsen the condition.



Necessary actions need to be taken to manage these scarce waterbodies, conserve their invaluable ecosystem services and aquatic species, and ensure adequate water supply during dry periods for all sectors. Removal of deposited sediments, increment of reservoir capacity, rehabilitation of abandoned water bodies, conservation of catchment areas, reforestation, proper coordination among water management authorities, and adaptation of strategic water policies can improve these situations. Implementation of a national strategic water management policy is desperately needed, which is currently not available and potentially threatens the water sustainability. Future policies shall need to consider the spatiotemporal dynamics and impact of proximal drivers for the mitigation of periodical water scarcities and efficient usage. Our findings on water dynamics are valuable for the natural resource planners and managers in Sri Lanka.





5. Conclusions


This study revealed a comprehensive visualization of the spatiotemporal dynamics of water bodies in Sri Lanka over three decades (1988–2019). We used time-series of Landsat TM and OLI imageries to quantify the surface water extent, distribution, and variability over seasons and years, across the climatic zones (Dry, Intermediate, and Wet), and the effects of climate and anthropogenic factors.



The findings of this study can be summarized as follows:




	
A total of 1607.73 km2 of the island is covered by permanent water (54.86%) and seasonal water (45.14%) with uneven spatial distributions: Dry zone (83.77%), Intermediate zone (12.46%), and Wet zone (3.77%).



	
Overall, the seasonal water area showed a faster annual growth rate (7.06 ± 1.97 km2) together with permanent water (4.47 ± 2.08 km2) across the country.



	
Sri Lanka showed the highest and the lowest amount of water areas during the DJF and MJJAS seasons.



	
Precipitation and agricultural GDP indicated positive effects on surface water, while temperature showed a negative impact.
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Figure 1. The location of the study area. 
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Figure 2. Flowchart of the applied methodology in this study. 
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Figure 3. Water occurrence frequencies in Sri Lanka for the whole time-series (December 1987–November 2019), its zoom-in views, and maximum water profile with 1 km North/East. 
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Figure 4. Cumulative water area of all pixels in Sri Lanka with various water occurrence frequency thresholds of the year ≥10%, ≥40%, ≥60%, and ≥80%, respectively. 
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Figure 5. Inter annual variations of surface water area in Sri Lanka. (a) Entire country, and different climatic zones: (b) Dry zone, (c) Wet zone, and (d) Intermediate zone during 1988–2019. 
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Figure 6. Intra-annual water occurrence frequencies (WOF) in Sri Lanka for the whole time-series (1988–2019). 






Figure 6. Intra-annual water occurrence frequencies (WOF) in Sri Lanka for the whole time-series (1988–2019).



[image: Remotesensing 12 03701 g006]







[image: Remotesensing 12 03701 g007 550] 





Figure 7. The seasonal variations of surface water area in Sri Lanka. (a) Entire country and different climatic zones: (b) Dry zone, (c) Wet zone, and (d) Intermediate zone from 1988 to 2019. 
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Figure 8. The variations of water area during different seasons in Sri Lanka. During (a) DJF, (b) MA, (c) MJJAS, and (d) ON. 
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Figure 9. Surface water area per season per year with no data per season per year for (a) Dry, (b) Wet, and (c) Intermediate zones. 
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Figure 10. Time-series of annual surface water area and annual cumulative precipitation in different zones: (a) Wet zone, (b) Intermediate zone, and (c) Dry zone. 






Figure 10. Time-series of annual surface water area and annual cumulative precipitation in different zones: (a) Wet zone, (b) Intermediate zone, and (c) Dry zone.



[image: Remotesensing 12 03701 g010]







[image: Remotesensing 12 03701 g011 550] 





Figure 11. Time-series of seasonal standardized temperature anomaly index and water area and in different zones: (a) Wet zone, (b) Intermediate zone, and (c) Dry zone. 
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Figure 12. Time-series of annual average water area and GDP (Agriculture) in different zones: (a) Wet zone, (b) Intermediate zone, and (c) Dry zone. 
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Figure 13. Variations in the spatial water extent of Senanayake Samudra and Padaviya reservoirs from 1988 to 2019. (a) Seasonal water extent of Senanayake Samudra as mapped by our LVQ model, displayed over Landsat 5 TM imagery (bands 7, 4, 2 as RGB) and Landsat 8 OLI imagery (bands 7, 5, 3 as RGB). (b) Variations in the area of Senanayake Samudra reservoir with all available good-quality observations. (c) Seasonal water extent of Padaviya as mapped by our LVQ model, displayed over Landsat 5 TM imagery (bands 7, 4, 2 as RGB) and Landsat 8 OLI imagery (bands 7, 5, 3 as RGB). 
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Figure 14. Primary drivers for surface water dynamics between 1988 and 2019. (a) Changes in precipitation from meteorological stations, (b) changes in temperature from meteorological stations. A linear regression model evaluated the magnitude of changes, (c) time-series seasonal anomalies of precipitation, and (d) time-series seasonal anomalies of temperature. 
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Table 1. The number of Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) images used per path/row in this study.
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Sensor

	
Path/Row

	
Total




	
140/55

	
140/56

	
141/53

	
141/54

	
141/55

	
141/56

	
142/53

	
142/54

	
142/55






	
TM (1987–2011)

	
143

	
108

	
167

	
162

	
156

	
117

	
140

	
150

	
118

	
1261




	
OLI (2013–2019)

	
106

	
106

	
98

	
127

	
99

	
92

	
106

	
116

	
104

	
954




	
Total

	
249

	
214

	
265

	
289

	
255

	
209

	
246

	
266

	
222

	
2215
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Table 2. The error matrix of TM and OLI water classification.
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Landsat 5 TM (Number of Samples = 6801)

	
Landsat 8 OLI (Number of Samples = 11,523)




	

	
Map

	

	
Map




	
Water

	
No-Water

	
Total

	
Producer’s Accuracy

	
Water

	
No-Water

	
Total

	
Producer’s Accuracy






	
Reference

	
Water

	
499

	
3

	
502

	
99.40

	
Reference

	
Water

	
405

	
6

	
411

	
98.54




	
No-water

	
4

	
6295

	
6299

	
99.94

	
No-water

	
4

	
11,108

	
11,112

	
99.96




	
Total

	
503

	
6298

	
6801

	

	
Total

	
409

	
11,114

	
11,523

	




	
User’s accuracy

	
99.20

	
99.95

	

	
99.90

	
User’s accuracy

	
99.02

	
99.95

	

	
99.93
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Table 3. Spatial distribution of water in climatic zones of Sri Lanka during the entire time-series (1988–2019).
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Zone

	
Surface Water of Sri Lanka (km2)




	
Seasonal (WOF%)

	
Permanent (WOF%)

	
Total




	
10–20

	
20–40

	
40–60

	
60–80

	
80–100






	
Dry

	
161.61

	
191.35

	
152.75

	
128.62

	
712.46

	
1346.78




	
Intermediate

	
13.68

	
21.35

	
17.97

	
20.69

	
126.65

	
200.33




	
Wet

	
3.32

	
6.03

	
4.60

	
3.75

	
42.90

	
60.62




	
Total

	
178.61

	
218.73

	
175.32

	
153.06

	
882.01

	
1607.73
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